ABSTRACT
INTRODUCTION
Recent improvements in high-throughput proteomics techniques such as yeast two-hybrid system (Uetz et al., 2000) have produced a rapidly expanding volume of protein interaction data. Protein interaction data can be visualized as a graph in which nodes represent proteins and edges represent their interactions. Most protein interaction data have the following characteristics: (1) When visualized as a graph, the data yields a disconnected graph with many connected components. (2) The data yields a nonplanar graph with a large number of edge crossings that cannot be removed in a two-dimensional drawing. (3) The number of interacting proteins varies widely within the same set of data, resulting in nodes of very high degree as well as very low degree of interaction. (4) The data often contains protein interactions corresponding to self-loops.
Therefore, interaction data demands robust and diverse features in visualizing and analyzing complex information. This paper describes an algorithm and its implementation called INTERVIEWER. Its integrated approach to databases can handle rapidly increasing diverse interaction data effectively compared to conventional flat files. INTERVIEWER can directly query databases and visualizes the results in three-dimensional space at runtime. Visualized networks can be further refined or navigated to explore protein interactions.
ALGORITHM AND IMPLEMENTATION
INTERVIEWER's layout is based on the force-directed layout of Walshaw's algorithm (Walshaw, 2000) , but different from Walshaw's algorithm in the following sense: (1) Walshaw's algorithm groups nodes into clusters, whereas InterViewer does not. (2) Walshaw's algorithm initially places nodes randomly, whereas InterViewer places nodes on the surface of a sphere for better results. (3) Walshaw's algorithm iteratively updates layouts until the graph size falls below a certain threshold value, whereas InterViewer iterates 20 times unless specified otherwise by a user. At each iteration, the node positions are updated based on global spring forces between nonadjacent nodes (line 8 in Algorithm Layout) as well as local spring forces between adjacent nodes (line 10). 
Algorithm 1 Layout
if u ∈ Γ(v) then 10: Let T be the total number of iterations of the outer loop (line 2 of Algorithm Layout). For a graph with n nodes, O(n) time is required to compute the displacement D of a node, and O(n 2 ) time is required to compute D of all nodes. Therefore, the total time required is O(T · n 2 ) = O(n 2 ) since T is constant. Compared to the asymptotic time complexity O(n 3 ) of Kamada & Kawai's Figure 1 shows the drawing of the entire MIPS physical interaction data. The drawing appears to have edge crossings, but it actually contains no edge crossing in the threedimensional drawing. INTERVIEWER allows the user to interactively explore three-dimensional drawings by rotating or by zooming in or out of them. It also enables the user to extract connected components of a disconnected graph, proteins interacting with a certain protein within a specified distance level, or proteins sharing a certain function. A protein interaction network can be saved either in an image file, the local database or a text file in GML format (http://www.uni-passau.de/Graphlet/GML).
For the purpose of comparison of actual running times, we ran two other graph-drawing programs, Pajek (Batagelj & Mrvar, 2001) and Tulip (David, 2001) . Table 1 shows the running times of INTERVIEWER, Pajek, and Tulip on a same set of test cases. It follows from this result that INTERVIEWER is an order of magnitude faster than Pajek (Fruchterman-Reingold layout) and Tulip with SpringElectric Force layout and is significantly faster than Tulip with GEM layout. We also implemented Kamada & Kawai's algorithm to compare its actual running times with ours. Kamada & Kawai's algorithm produces 2D drawings only, so we extended it to 3D drawings. Since their algorithm cannot visualize a disconnected graph, we tested both their algorithm and ours on the largest connected components of Y2H data (473 nodes), MIPS genetic interaction data (531 nodes), and MIPS physical interaction data (1526 nodes) on a Pentium IV 1.7Ghz processor. The running times of Kamada & Kawai's algorithm on these test cases are 3.7s, 4.9s, and 1m 4.3s, respectively, while those of INTERVIEWER are 1.2s, 1.5s, and 12.7s, respectively. Thus, INTERVIEWER is faster than Kamada & Kawai's algorithm in actual running times, too. 
